Abstract: Carbon nanotubes possess appealing properties for terahertz (THz) applications. This work investigates the contribution of these properties in the context of THz photoconductive (PC) switches as THz detectors. The analysis engages the received THz electric field, the optical excitation, and the photocarrier dynamics of the carbon nanotube material through Drude-Smith theory and equivalent circuit model. Through this analysis, the effect of each parameter in the detected current can be investigated. Based on a realistic numerical assessment and comparison with our measurements for a conventional LT-GaAs PC switch, it is found that improvement in detected current is theoretically achievable, depending on the relative value of the imaginary photoconductivity of the CNT film. This is a parameter that can be varied through chemical treatment of the film. We found that, unlike the case of PC switches as THz emitting devices where a higher mobility is desired for higher output THz power, the detected current in the THz receiving PC switch is a nonmonotonic function of the mobility in the single-wall carbon nanotubes (SWNT) film. The capabilities and limitations revealed in this study set guidelines for fabrication and optimization of more efficient carbon nanotube-based THz receiving PC switches. The study also addresses the fabrication process and challenges.
Introduction
Terahertz (THz) photoconductive switches (PC switches) are optically excited, fast semiconductor switches that can both emit and detect THz radiation [1] . These devices are composed of microantenna structures (typically made with gold), that are fabricated on fast semiconducting materials such as low temperature grown GaAs (LT-GaAs), InGaAs and GaBiAs [1] - [3] [ Fig. 1(a) ]. Low output power at the transmission side and low detected current at the receiver side have limited the applications of these devices since their invention [1] , [4] .
Exceptional properties of single-wall carbon nanotubes (SWNTs), such as high mobility, high optical density, high heat conductance and band gap tunability, have been applied successfully for fabrication of more sensitive infrared and terahertz detectors [5] - [11] . These properties have raised a noticeable research interest in carbon nanotube-based THz and IR detection and sensing. Bolometric [7] - [9] , diodic [10] , and direct excitation mechanisms [11] have been considered for 
Calculation of Free Photocarrier Density
Calculation of free photocarrier density for a THz-receiving PC switch is similar to that of a THzemitting PC switch. Both devices are excited optically in a heterodyne configuration. We will cover this step briefly to preserve the continuity of the theory. In order to calculate the total photocarrier density, the input optical excitation power is converted into the initial absorbed photon density. For an optical pulse with power of p i ðt ; Þ the initial absorbed photon density can be estimated by integrating the number of absorbed photons over frequency and time; that is 
In this estimation the pulse bandwidth, Á, is considered negligible compared to the center frequency of the radiation 0 . At the denominator, V is the volume of the sample and h is the energy of each photon with frequency . ðÞ is quantum efficiency of the material, which is directly dependant on the chirality of individual CNTs and purification level of the sample [16] . As it is revealed by (1) the absorbed photon density ðn abs Þ has a linear relation with input optical power level and thus the rest of the analysis can be expressed in terms of n abs for simplicity. This is preferred since the function ðÞ is highly sample dependent and is usually measured in practice [16] . Due to exponential decay rate in power for a pulsed excitation, the integration limit T can be replaced by pulse width while inducing a negligible inaccuracy in the result of the integration. Not all of absorbed photons can contribute to the fast photoconductivity of the material, and thus carrier dynamics of the SWNT film should be considered to find the total number of photocarriers. Previous studies on the THz photoconductivity of SWNT films show that a set of rate equations with the following solution can be used to express and predict the photoconductivity of the material [17] :
where
Equation (2) relates the total photocarrier density n to the initial absorbed photon density n abs . In this equation, 2 F 1 is a hypergeometric function, CC is the carrier generation rate by exciton dissociation, EE is exciton-exciton annihilation rate, and d is equal to the reciprocal of the carrier lifetime and is called carrier decay rate. To obtain (2), it is implicitly assumed that each absorbed photon generates an exciton on the femtosecond timescale and excitons do not decay in the short duration of the excitation itself. With typical set of values for these parameters [17] - [19] 
19 ps À1 Þ the following dynamics is found for the total photocarrier density [ Fig. 3(a) ].
Here, a typical 100 fs Gaussian excitation pulse is assumed for generation of initial n abs . As it is seen in Fig. 3(b) , the peak value of nðt Þ slowly saturates with increase in absorbed photon density; this behavior agrees with previous measurements [17] . The total photocarrier density also saturates with the increase in carrier lifetime. This happens rather rapidly after % 4 ps, as seen in the inset graph of Fig. 3(b) .
These dynamics play a definitive role in the design of the CNT film that is to be used in the gap of a PC switch. Based on Fig. 3 , the carrier lifetime and input optical pulse can dramatically affect the number of photocarriers present in a given instance. This directly affects the photoconductivity of the sample that is involved in detecting the THz signal. The total carrier density nðtÞ is itself the summation of free photocarrier density n f ðt Þ and localized carrier density n b ðt Þ ¼ nðt Þ À n f ðt Þ. As we will see in the following section these two parts have a linear relation with the fast photoconductivity of the CNT film.
SWNT Film's Photoconductivity Dynamics
There are several accurate models for calculation of photoconductivity in individual SWNTs [20] - [23] .
To study the photoconductivity of simple small scale systems ab initio simulation [21] and Luttingerliquid theory [22] can be used. However, for the case of a PC switch two important factors must be considered: first, the antenna gap is filled with millions of carbon nanotubes typically bundled into bundles of 50 to 100 nm width [ Fig. 1(b) ]; second, the photoconductivity of concern in this study is the fast photoconductivity in THz range and thus its dynamics are rather different from the low frequency range photoconductivity that is obtained by drift diffusion equations. The drift diffusion dynamics are commonly used in solar energy conversion applications [24] , [25] . These two factors leave Drudebased models as a more proper choice compared to ab initio, density functional theory based models. The Drude-Smith (DS) model has been used with fair results in case of different 1-D materials [17] , [26] , [27] . The DS formulation for photoconductivity that is given as
has a linear relation with temporal profile of free photocarrier density n f ðt Þ and localized photocarrier density n b ðt Þ. The other parameters in (3) are: effective mass ðm Ã Þ, applied field frequency ð!Þ, photocarrier localization factor ð0 G G 1Þ, average carrier scattering time ð s Þ, Lorentzian term frequency ð! l Þ, and Lorentzian momentum rate ð l Þ. The total photocarrier density that was obtained in previous section is equal to the sum of n f and n b (for SWNT films jn b j G n f ). n b is negative when the optical excitation bleaches the previously available localized carriers into free photocarriers and it is positive when the excitation generates some new localized carriers. The ratio between localized and free photocarriers is usually found through time resolved terahertz spectroscopy measurements (TRTS) and curve fitting process [17] , [28] .
In contrast to a THz-emitting PC switch, where the bias is either a DC bias or a low-frequency chopped bias, for the receiver PC switch the bias voltage is directly induced on the antenna by the received THz electric field. Therefore, the THz dynamics of the DS model cannot be neglected as in THz-emitting PC switch. The antenna design and performance thus must be considered in the primary steps of the theory in case of the receiver, while in case of the transmitter the antenna design is a secondary concern that is considered mostly for obtaining desired directivity and radiation pattern. Fig. 4 shows the photoconductivity of a semiconducting SWNT film. As it is seen and also previously measured [17] , both the imaginary and the real part of the photoconductivity can significantly change over the THz region. THz induced bias adds a new twist to our modelVthe CNT bundles cannot be simplified as an ohmic high mobility photoconductance anymore, and the [27] , [29] , [30] it is necessary to address the dynamics of the photoconductivity with variation of these parameters. In THz frequency range, the photoconductivity is not highly sensitive to the variations of l and . ! l is the parameter that tunes the peak frequency as seen in the inset graphs of Fig. 4 [17] , this frequency can increase with increasing the percentage of metallic CNTs in the film. Therefore, in case of a CNT-based THz-receiving PC switch, the semiconducting percentage or purification level of the film should be chosen so that the photoconductivity is optimized with regard to the receiving antenna circuit. This is rather unexpected and significantly different from the case of transmitter, where higher mobility and proper carrier lifetime are the major concerns. It is also in contrast to the common trend in bulk-material PC switches where the transmitter and receiver are both made from the same substrate. Mobility implicitly affects the photoconductivity in (3) since ¼ e s =m Ã [31] . It might be assumed that the higher mobility results in a higher photoconductivity. However, that is not always the case in the THz frequency range.
The relative effect of the mobility in photoconductivity depends on the physical nature of the factor that varies the mobility; if the mobility is increased with a constant average scattering time due to reduction in effective mass [31] , then the photoconductivity increases as same as mobility with a reciprocal of the effective mass (dotted lines in Fig. 5 ). However, if the mobility is increased only because of increase in average carrier scattering time, then the photoconductivity might even be reduced in the THz range (solid lines in Fig. 5 ). Such reverse relation is more pronounced in the real part of the photoconductivity since the imaginary part in THz frequency ranges varies slightly with changes of s (3). It is noteworthy that in theory the average carrier scattering time itself is a function of effective mass, temperature and conduction band shifts near the Fermi surface, so for tuning the carrier scattering time, temperature and chirality of the SWNT can be varied [32] . Fig. 5 shows that the increase in mobility does not necessary provide higher photoconductance for this application, and thus for the highest level of photoconductivity the mobility should be increased only due to decrease in effective mass. Since the absorption of the pulse laser directly affects the number of excited photocarriers (1) and consequently the photoconductance (3), the diameter distribution in the SWNT film should be chosen so that the absorption is maximized. The CNT diameters have a Gaussian distribution that relates to the range of chiralities available in the sample [33] . For a given excitation wavelength the diameter range of the semiconducting chiralities are preferred since samples with higher level of semiconducting CNTs generally tend to show lower Lorentzian frequencies [17] . As shown in the inset graphs of Fig. 4 , a lower Lorentzian frequency ð! l Þ shifts the photoconductivity peak closer to 1 THz. An approximation for the diameter range can be found through Kataura plots [34] that relate the CNT diameter to its absorption peaks and chirality. It is difficult to purify a large sample to a specific chirality; however, metallic or semiconducting enrichment of a sample can be performed to a fair level [35] .
Receiver Circuit Model and Detected Current Dynamics
For the circuit model, photoconductivity and conductivity of the SWNT film should be converted to photoconductance and conductance. For bulk material the simple classical definition of conductance holds; that is
where yz is the area of the cross section of the film, x is the gap length and dark ð!Þ is the frequency dependent conductivity of the film. This model is accurate for bulk material; however, for SWNT films, the directional conductance, and randomness in the CNT types can cause inaccuracy [37] . The anisotropic conductance of CNTs raises concern regarding the alignment of the CNTs in the CNT film with the received THz filed across the gap. SWNTs can be fairly aligned with the gap structure via slip-stick deposition method [ Fig. 1(b) ] [38] . For calculating the conductance of the film in the antenna gap we assumed that misalignments with the electric field are negligible (less than 15 ). Since there are CNTs with different types and lengths in the SWNT film, the statistical distribution for each parameter should be considered in calculating the average conductance. Monte Carlo integrations can be used to obtain a more accurate result for the conductance. In this paper, we will use the highest and the lowest measured reported values so that the average results are covered within the calculated range.
Based on significant variations of the imaginary parts of CNT conductance and photoconductance at THz frequencies, both negative and positive values of the imaginary part should be considered. The circuit model is depicted in Fig. 6 . In this circuit the SWNT film conductance and photoconductance are shown with a resistive element ðG r ðtÞÞ and an imaginary time varying capacitive or inductive element ðG i ðtÞÞ. The other elements are: antenna impedance R L , contact shunt capacitance C c , contact resistance R c and gap capacitance C. Also, other variables are depicted in Fig. 6 . The gap capacitance, C, is created by two antenna electrodes facing each other (Fig. 1) . Also, in this model an ohmic behavior is assumed for CNT film-metal contacts [39] . As it is depicted in Fig. 6 , the circuit model is significantly different from bulk material THz photomixers [2] . When CNTs are used as base material in the gap, the imaginary part cannot be ignored. Additionally, the contact resistance is a significant point of concern when dealing with SWNTs in the gap [39] ; the contact resistance is usually noticeable for CNT to metal contacts and such resistance cannot be neglected as same as LT-GaAs PC switches and photomixers [2] . On the other hand, as it will be further explained in Section 5, there is a good chance that many of the CNTs couple capacitively with the electrodes and thus a contact capacitance should be used in the model. The study of the electrical behavior of CNT-metal contacts is an ongoing field of research [39] , [40] and further details regarding the contacts are out of the scope of this study. Compared to a THz transmitter, the THz receiver has a different circuit model based on the different functionality of the two devices. While in a THz-emitting PC switch the circuit model is to calculate the output THz power, the detected DC current is the parameter of interest in case of the receiver. As mentioned previously, the THz field received in the receiver biases the gap material (in this case CNTs), and therefore, the THz model of the material enters the circuit analysis.
By applying Kirchhoff's current laws to this circuit, a set of coupled inhomogeneous differential equations are obtained. These equations can vary based on the sign of G i ðt Þ; if G i ðt Þ is positive the equivalent element is capacitive with capacitance C g ðtÞ ¼ G i ðt Þ=!; in this case (5) holds
If G i ðtÞ is negative, the equivalent element is inductive with inductance L g ðt Þ ¼ 1=ð!G i ðt ÞÞ and (6) holds. And finally, if G i ðt Þ is insignificant, (5) merges with (6) when C g ðt Þ is replaced with zero in (5) and L g ðt Þ is replaced with infinity in
In (5) and (6) all voltages are function of time and received THz frequency, since G r ðt Þ and G i ðt Þ are function of time and received E-field frequency !; t and ! are dropped only for simplicity. Unlike photomixers made with bulk materials such as LT-GaAs and GaBiAs where the differential equations can be simplified due to single frequency operation and negligibility of contact resistances [2] - [4] , further simplification is not possible for case of SWNT films. The time varying voltage, V(t) cannot be expressed explicitly. This is due to hypergeometric nature of the photoconductivity functions (2) and (3).
The case of pulsed mode is assumed in this study to keep the equations general; the results for this case can be simplified to continuous wave (CW) mode for the THz photomixing, if the relative CW photoconductance is substituted. Finally, the average detected current in the SWNT-based THz PC switch is calculated as
In this equation, T is the period obtained from repetition rate of the pulse laser as in (1) . At this point the desired link between input optical pulse, received THz signal and detected current is obtained (Fig. 2) . I dc is a constant DC current that is usually detected by a lock-in amplifier; however, since in practice V THz ðt Þ can have a temporal phase difference with incoming optical excitation pulse, the detected current is usually monitored (sampled) with variations of delay in the received THz signal. This is usually done with varying the length of the light path for some hundreds of micrometers [1] - [4] . In this case V THz ðt Þ and I dc in (7) can be replaced with V THz ðt À d Þ and I dc ðd Þ, where d is the delay between the received THz field and input optical pulse. In order to evaluate the presented theory, we measured the THz electric field for 100 nW radiation generated by a LT-GaAs PC switch [ Fig. 7(a) ]. Considering a typical PC switch design with a dipole antenna structure (x ¼ y ¼ 5 m and z ¼ 100 nm). This field can be converted to a voltage that is induced in the antenna [ Fig. 7(a) ]. By substitution of common values for SWNT film, dipole antenna, and pulse excitation parameters in (6) and (7), (R L % 30 [2] - [4] , C % 7 fF [2] , [41] , Cc % 100 fF [42] , Rc % 20 k [41] , [42] , G r ðdarkÞ ¼ ÀG iðdarkÞ % 2 m À1 , peak G r ðphotoÞ ¼ À10 peak G iðphotoÞ % 640 À1 , G iðphotoÞ % 0 [17] , [41] , [42] , ðÞ ¼ ¼ 0:1 [16] , received THz power ¼ 100 nW, optical pulse duration ¼ 100 fs, excitation wavelength ¼ 830 nm, and repetition rate ¼ 100 MHz) the current can be calculated as shown in Fig. 7(b) . Here, we have used the numerical Euler method with 10 fs step sizes to estimate V ðt Þ. V ðt Þ is then substituted in the current integral in (7). V THz was also calculated using the measured field and antenna theory, for an effective length of 10 m [43] . Fig. 7(c) shows the complete range of results for the numerical example. As can be seen in the inset graph, the decrease in effective mass does not linearly affect the detected current. This is the direct result of the presence of inductive behavior for the SWNTs photoconductance. The increase in mobility both increases the imaginary part and the real part of conductance and photoconductance and as a result the total effect turns out to be a decrease in detected current level for higher mobility values (lower effective masses). We find that the negative imaginary part significantly damps the detected signal. This is because the negative imaginary part has a reciprocal relation with the equivalent inductance and therefore for larger imaginary parts smaller inductance is in parallel with the resistive photoconductance that generates the current (Fig. 6) .
The dotted blue line in Fig. 7(c) shows the peak detected current versus optical excitation power for a SWNT sample with negative imaginary dark conductance G iðdarkÞ (abbreviated as G id in the figure) equal to the value of the real dark conductance G r ðdarkÞ (abbreviated as G rd in the figure). As can be seen, the curve slightly loses its slope for higher powers due to carrier density saturation that was found in Fig. 3(b) . The negative imaginary part of the dark conductance can be significantly reduced depending on sample preparation and frequency of the incoming THz E-field [17] . If G iðdarkÞ is reduced to one tenth of the real dark conductance ðG r ðdarkÞ Þ the dark green curve is found. The light green curve in Fig. 7(c) is found if the imaginary part is equated to zero. As it can be seen, no noticeable improvement can be achieved relative to the dark green curve. With increase in mobility (decrease in m e ) the dark red (triangle marked) curve is found. It is found that even if the negative imaginary dark conductance is set to zero, the peak detected current still reaches an early saturation region in higher optical powers due to negative imaginary part of the photoconductance itself. This is the direct result of reciprocal relation between imaginary part of ðphotoÞ and m e that was considered in DS model. Finally, the dashed red curve is the highest limit of the peak detected current; it is obtained only if both imaginary parts of dark and photoconductance are set to zero and the mobility is raised in the sample close to its intrinsic value of 10 m 2 v À1 s À1 . Therefore, in summary the results of this typical SWNT-based PC switch as a THz receiver can be categorized into three regions [ Fig. 7(c) ]: 1) Green region: this region is obtainable with no necessity for high mobility or very low negative imaginary part. The detected currents are likely to be around 100 pA to 10 nA. This partially covers the current range reported in some earlier studies for conventional PC switches [44] , [45] . 2) Yellow region: this region, that is between the light green curve and dark marked red curve, is found only if the dark imaginary conductance is tuned to zero and if the mobility is increased to 1 m 2 v À1 s À1 . We find that further increase of mobility does not help to extend this region to higher current levels because of the simultaneous increase in imaginary photoconductance. As it can be seen, our measurements for LT-GaAs PC switch falls in this region that is extended from 10 nA to around 100 nA. In order to access the current levels in this region the alignment and semiconducting purification of the SWNTs in the film should be considered to improve the mobility and efficiency. Also, the decrease in imaginary part might be realizable through some chemical treatments to the film [17] . The results show an order of magnitude increase in higher limit of this range relative to measured currents for LT-GaAs PC switch. 3) Red region: In order to realize the range of currents detected in this region (100 nA to 10 A), the imaginary part of both photoconductance and conductance should be tuned to zero. And the sample needs to possess mobility levels close to previously measured intrinsic mobility of SWNTs [29] , [30] . Fabrication challenges are very significant for operating in this region, since high mobility and zero imaginary conductivity are needed simultaneously. However, the region clearly marks the highest current level that is obtainable in theory.
In order to understand the dynamics of the circuit model, it is important to investigate the effect of each parameter. The parameters that are considered in the circuit model can be varied in practice with change in the gap design and antenna design [1] - [4] . Fig. 8 shows the behavior of peak detected current with variation of different PC switch parameters. Fig. 8(a) shows that the reduction in antenna resistance is desirable in the receiver. This is in contrast with a THz emitting PC switch where higher antenna resistance is needed for higher power THz radiation. Such contrast stems from the difference in the functionality of the PC switch as a receiver. Unlike the THz transmitting PC switch where the current needs to be converted to radiated power through a microantenna, the DC current needs to be received by the lock-in amplifier in the receiver and thus higher voltage drop on the antenna resistance is not necessarily desired (7) [15] . The increase in contact resistance [ Fig. 8(b) ] can reduce the detected current. For contact resistances higher than 1 k, the reduction is not visible due to domination of the capacitive coupling of the SWNTs with the metallic electrodes. It is found that increase in contact capacitance increases the detected current up to a certain level. However, the gap capacitance should be kept small in order to avoid the SWNTs in the gap from being short circuited in higher frequencies by the parallel gap capacitance [ Fig. 8(c) ]. Fig. 8(d) shows that in contrast to higher values of real photoconductance, that is desired, the peak detected current is significantly reduced by increase in dark conductance for values higher than 10 m À1 . This further explains the nonmonotonic behavior of the detected current with increase in mobility that was observed in the inset graph of Fig. 7(c) .
Two other parameters of significance are the imaginary dark conductance and the carrier lifetime in the SWNTs. Fig. 9 investigates these two parameters in detail. It is found that the negative imaginary part not only affects the amplitude but also distorts the detected pulse shape. This can have a vital role for spectroscopy applications where a clean pulse needs to be detected [46] . It should be further emphasized that distortion in the pulse shape is similarly seen in other new material for PC switching. Since typically both transmitter and receiver are made from same material it might be wrongly concluded that the transmitter is emitting a distorted pulse and thus care must be taken for interpretation of the detected pulse shapes in the THz heterodyne setups. As the DS model predicts, the imaginary part might also become positive for some frequencies [47] . Such a case is addressed in Fig. 9(b) . As it is seen in this figure, the increase in positive imaginary part of conductance has a slighter effect on the pulse shapeVthe positive imaginary part must be more than an order of magnitude higher than the real part for the pulse shape to be notably distorted. Fig. 9(c) shows the change in the absolute value of the detected current peak for positive and negative values of the dark imaginary conductance. Based on Fig. 9(c) , for the negative values of imaginary part the peak is reduced exponentially. This reduction is also followed by some oscillations around zero. Because of the oscillations the sign of the detected current also changes and thus [as seen in the absolute value plot in Fig. 9(b) ] there are multiple values that the detected current crosses zero. This can be expected from significant phase variations that is induced in V ðt Þ due to exponential increase in the inductive element ðL g ðt ÞÞ as the negative G i ðt Þ value is reduced toward zero. On the right side of the graph the capacitive element C g ðt Þ has a linear relation with positive values of G i ðt Þ, therefore, the peak is also reduced linearly with the increase in positive G i ðtÞ.
As expected, the carrier lifetime plays a significant role in the receiver bandwidth. This is demonstrated in Fig. 9(c) . It must be further emphasized that such an effect is rather different in the transmitter where the THz field is generated due to sudden rise of photocarrier density. In the receiver the rise time of the photocarrier density captures one side of the pulse where the fall time captures the other half with opposite sign. This agrees with previous experimental observations for SI-GaAs based THz receiving PC switch [48] . Furthermore, as it is depicted in Fig. 9 (c) the smaller carrier decay rate (larger carrier lifetime) corresponds to lower bandwidth. It has been shown that the carrier density peak has a direct relation with excitation pulse width and d parameter [12] . The longer the excitation pulse is, the lower the carrier density peak would be (the total pulse power is kept constant). For carrier density peak, this has a similar effect to having a higher value for d parameter. And therefore, assessing the dynamics of this d parameter in detection bandwidth [as investigated in Fig. 9(d) ] is similar to that of excitation pulse width. Based on integration in (7), the field is integrated as long as there are carriers available. Therefore, the detection bandwidth is set by the maximum of carrier life time and optical pulse duration. At an ideal theoretical scenario (infinitesimal carrier lifetime and infinitesimal excitation pulse width) the carrier density profile of nðtÞ ¼ ðtÞ is achieved. In this case, the THz pulse shape is fully replicated in the detected current [ Fig. 9(d) ]. Certainly, a shorter carrier lifetime should be accompanied by a larger peak carrier density (higher optical pulse intensity) to preserve the same output signal level after the integration in (7) .
Finally, it should be mentioned that the results obtained in this section are subject to thermal stability of the device. Fortunately, carbon nanotubes possess high thermal conduction properties [49] and thus the thermal breakdown might not be considered as a primary limiting factor. Also, in this study we investigated the detected current in the receiver as this is a convenient fundamental parameter in the THz PC switch detection systems and thus can be used for comparison purposes [1] - [4] . This parameter can be converted to other detection criterions such as responsivity (Watts/A) that are more common in other optical detectors. The Systematic Drude-Smith-Circuit method (SDSC) used in this study can be applied to other new DS nanomaterials for photomixing and PC switching purposes. A proper example of such materials might be semiconducting nanowires such as GaAs and InAlAs nanowires [26] , [50] .
Fabrication
Fabrication is one of the main challenges for application of carbon nanotubes in photonic devices. There are several factors that simplify the fabrication of CNT-based photomixers over other CNTbased devices: a) The CNT-based PC switch works with a large number of CNTs in the gap. Surely the efficiency and quality of the device depends on the alignment of individual CNTs and their contact qualities, but as the theory predicts both in case of a transmission [12] and in case of reception, a partially aligned CNT film with an average length longer than that of gap should work. This facilitates device fabrication compared to other CNT-based devices that might work with a specific number of structured CNTs in a gap; b) THz photomixers are two-electrode micro structures, thus unlike transistors a simple bulk Si/SiO 2 or SiO 2 wafer can be used as the substrate. c) The structure allows several verification procedures for primary certification of the fabrication quality (these will be explained further in this section).
Despite the above simplifying factors, there are several fabrication challenges: a) Small gap size. Depending on the CNT fabrication procedure it can be challenging to fabricate semiconducting CNTs longer than 1 m. Therefore, since gap size of 1 m or less is desired, high precision photolithography or focused ion beam milling is preferred compared to easier, low resolution lithography techniques. b) Break down and quality uncertainty. The randomness of CNT type and position in the gap can be a fabrication challenge as some of the CNTs might experience optical or electrical breakdown, depending on the local electric field and illumination intensity. c) Other common THz PC switch draw backs. This is one of the major challenges. Heterodyne THz setups consist of two PC switches and are hard to align and also low in THz power level. Therefore, for testing a new CNT based device one should utilize both a very sensitive THz receiver and a high power THz transmitter, which is itself the main challenge of the THz field. This precludes the option of step by step improvement in fabrication of the device, due to lack of step by step feedback, and therefore, the first working device needs to perform almost as well as commercially available photomixers.
The fabrication quality can be verified through several methods. SEM imaging of the gap is fairly accurate but time consuming and partially damaging to the sample [ Fig. 1(b) ]. Raman spectroscopy is a faster and more convenient tool for verifying the CNT deposition quality. However, the problem with Raman is its lower spatial resolution. Fig. 10 shows the Raman measurement results for one of our preliminary samples. Fig. 10(a) shows the 2-D color map of the Raman signal measured on a structure similar to one shown in Fig. 1(b) . The color map is superimposed on the image of the structure captured with the optical microscope. As it can be seen the CNTs are not deposited at the right spot for this sample, since the peak signal is detected at the bottom right rather than middle of the gap. However, the semiconducting G-band peak is detected at 1590 nm which indicates the dominant presence of semiconducting CNTs in the deposited film [ Fig. 10(b) ]. The photocurrent, dark current, and the THz output or THz detected signal are the last verification criteria.
Discussion
Although, DS formula provides a simple and relatively accurate model for THz conductivity of CNT films, it must be pointed that there is a significant amount of ongoing research on explaining the fundamental physics of the THz conductivity of the CNT films. In most studies [51] , [52] a THz conductivity peak (TCP) is noticed (this peak is also present in Fig. 5 ) and the accuracy of the conductivity models varies in different studies. The accuracy of the DS model can be as well subject to different fabrication parameters such as film filling factor, field alignment, and metallicsemiconducting percentage of CNTs [17] , [51] , [52] . Also, another issue with accuracy of the DS model can be other simultaneous electron scattering phenomena that could occur in the film but are not covered with DS terms [53] .
Based on our analysis, an order of magnitude improvement in the detected current can be obtained only if the negative imaginary part of dark conductance is negligible and the mobility is around 1 m 2 v À1 s À1 . Achieving higher improvement [operating in red region at Fig. 7(c) ] is possible in theory but rather difficult in practice. The operation in this region might be considered rather idealistic with current fabrication limitations. Tube-tube interactions tend to reduce the mobility of the CNT films. And therefore, there is an ongoing research on fabrication of better aligned, straight CNT bridges [54] .
Finally, not all the imaginary values that were used to feed the circuit analysis are measured for ordinary DS SWNT films; however, it is necessary to consider the full allowable theoretical range so that the ultimate limitations in performance can be predicted by the theory. This can be used as a guideline for practical and fabrication directions. For instance, it is shown [17] that the SWNT films THz conductivity can significantly change based on chemical treatment of the film. Additionally, based on conventional circuit theory, the improper imaginary part of the DS conductivity of the material in the gap can be compensated or even tuned through electrode design (antenna design) in the PC switch [55] .
Conclusion
Through this study a theoretical analysis was established for assessment of capabilities and limitations of CNT-based THz PC switches used as THz receivers. The analysis uses the incoming THz field, optical excitation parameters, and fast photocarrier dynamics in SWNT films to estimate the detected current through an equivalent circuit model that depends on the design of the microantenna. Such approach allows the effect of each parameter to be investigated and predicted in the detected current. Based on the DS model it was found that the high mobility in SWNT material does not necessary contribute to higher detected current. The high mobility in SWNT film can only improve the detected current if the mobility is increased due to decrease in effective mass and if the imaginary part of SWNT THz conductance is smaller than the real part ðjG i j G 0:1G r Þ. Based on a numerical example with typical values for all parameters and comparison with our measurements for a LT-GaAs PC switch, it was shown that the detected current level for a CNT-based PC switch should cover the range of currents that are detected in conventional LT-GaAs PC switches.
Finally, the effect of parameters such as contact resistance, gap capacitance, and carrier lifetime were addressed in detail along with experimental fabrication challenges and procedures. Based on this theory, the effect of carrier lifetime on the bandwidth of the THz receiver and detected pulse shape was also addressed.
